
Heliyon 9 (2023) e19985

Available online 9 September 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Enhancing isolation performance of tilted Beam MIMO antenna 
for short-range millimeter wave applications 

Wahaj Abbas Awan a, Esraa Mousa Ali b, Mohammed S. Alzaidi c, 
Dalia H. Elkamchouchi d, Fahad N. Alsunaydih e, Fahd Alsaleem e, 
Khaled Alhassoon e,* 

a Department of Information and Communication Engineering, Chungbuk National University, Cheongju 28644, South Korea 
b Faculty of Aviation Sciences, Amman Arab University, Amman 11953, Jordan 
c Department of Electrical Engineering, College of Engineering, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia 
d Department of Information Technology, College of Computer and Information Sciences, Princess Nourah bint Abdulrahman University, P.O. Box 
84428, Riyadh 11671, Saudi Arabia 
e Department of Electrical Engineering, College of Engineering, Qassim University, Unaizah 56452, Saudi Arabia   

A R T I C L E  I N F O   

Keywords: 
Compact electronics 
IoT 
Isolation improvement 
Millimeter wave 
MIMO antenna 

A B S T R A C T   

The research paper discusses the detailed designing of a compact, simple, and low-profile antenna 
that provides several desirable features. The antenna is engineered by using a substrate material 
called Roger 6002, and its dimensions are 12 mm × 6 mm × 1.52 mm. The single antenna 
element achieves a wideband frequency coverage of 24–30.2 GHz and a high gain of 9 dBi. To 
enhance the antenna’s capabilities, a two-port multiple-input multiple-output (MIMO) configu-
ration is employed by adding a second antenna element orthogonal to the first one. Although the 
operational band remains the same, the isolation between the two elements is found to be un-
satisfactory. A C-shaped decoupling structure is established to address this issue, which effectively 
improves the isolation. Including the parasitic patch enhances the isolation from − 18 dB to − 29 
dB. An antenna hardware sample is built and tested to validate the recommended work, and the 
outcomes are compared to the predicted results obtained from the software. The experimental 
and simulated data exhibit close agreement, confirming the accuracy of the design. Additionally, 
this outstanding performance in bandwidth and isolation compares with existing literature, 
presented in the form of a table. Various MIMO parameters are also examined, and it is found that 
they fall within acceptable ranges. The antenna demonstrates an Envelope Correlation Coefficient 
(ECC) of approximately 0.005 and a Diversity Gain (DG) of around 9.99 dB. The recommended 
antenna design is highly suitable for future miniature devices used in Internet of Things (IoT) 
applications.   
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1. Introduction 

Current research on mobile Internet of Things (IoT) connections depends extensively on an immediate rise in data rates. To increase 
data rates and fulfill the beneficial needs of LTE (long-term evolution) and the fifth generation, a lot of work has been done [1–3]. IoT 
gadgets, on the other hand, want a larger data rate. The Federal Communication Commission (FCC) has now officially reserved 5G 
bands at lower frequencies (sub-6 GHz) and higher frequencies (mm-wave band), which are utilized for 5G mobile communication to 
increase data throughput [4,5]. In MIMO antenna systems, the data rates are further enhanced by the use of a larger number of an-
tennas [6]. 

The IoT communication scenario given in Fig. 1 illustrates that a high data rate is required to cover a large coverage area [7]. The 
evidence of the requirement for high data rates for future IoT applications in the 6G system is the current 4G and 5G communication 
devices [8]. A high data rate is required for mobile communication for personal interaction as well as interaction between various 
nodes. In future IoT systems, human interaction will be possible with the body for health care purposes as well as with other bodies 
present in the environment. This concept is the idea of smart cities, where one will communicate with nearby vehicles, IoT devices, etc. 
[9–11]. 

The above brief discussion shows that a high data rate is a keen requirement for future 5G and 6G devices [12]. For this consid-
eration, as an antenna is a key component of any communication device, the requirement for an antenna is also revised [13]. An 
antenna with a wideband and high gain is considered to get an efficient data rate, but for IoT devices, the compact size, low profile, and 
simplified structure are also important. The abovementioned features are exploited in literature, and many papers are reported 
[14–16]. 

Fig. 1 expresses the usage of millimeter-wave antennas in future communication systems. The importance of antennas can be seen 
in satellite communication, vehicle-to-vehicle communication, vehicle-to-any-object communication, smartphones, and IoT devices. 
Mobile phone-based millimeter wave antennas are given in Refs. [17,18] for broadband applications. In the case of a MIMO antenna 
system, isolation is an important parameter, which can be improved in multiple ways. In Ref. [19], the isolation of the antenna is 
enhanced by using a defective ground structure (DGS), while in Ref. [20], a slotted stub is loaded to improve the isolation between 
MIMO elements. There are also many other efficient techniques to boost the isolation of MIMO antennas, which include the intro-
duction of metamaterials like parasitic elements, EBGs, or metasurfaces [21]. 

Fig. 2 represents the PCB circuit model consisting of the antenna and other circuit components. The circuit is arranged and 
engineered for IoT applications. It can be seen from the figure that IoT devices are used for smart homes, smart vehicles, Wi-Fi 
connections, and smartphones and watches [22]. It can also be observed that these devices are also used in the monitoring of agri-
cultural land and health centers. Moreover, IoT also has applications in satellite communication systems [23]. 

In the literature, most of the work is conducted on the isolation improvement of MIMO antennas, but they have some limitations: 
complexity, large size, low value of isolation, narrow band, or low gain. Some of this work is briefly explained in this section. A 
dielectric resonator antenna (DRA) and its MIMO configuration are given in Ref. [24], where metallic strips are loaded to refine the 
isolation of the antenna. Although the antenna has a compact size of 20 mm by 20 mm, it operates in a narrow band of 27.5–28.35 GHz. 
A wideband antenna offering 27–32 GHz with improved isolation of − 38 dB by loading meta-surface. The antenna has a wideband and 
low isolation but a complex geometrical structure and a size of 85 mm × 21 mm [25]. 

A high-isolation antenna loaded with parasitic patches is reported in Ref. [26]. The antenna is 30 mm × 35 mm overall and has a 1 
GHz operating bandwidth. The antenna is small, has a simplistic shape, and operates in a narrow band; in contrast, a millimeter-wave 
antenna provides a wider bandwidth [27]. presents a wideband antenna with enhanced isolation achieved by loading the meta-surface. 
Wideband, high gain, and minimal mutual coupling are all features of the described design; however, it has a large size and complex 
shape [28]. provides a dual-port DRA antenna for wide-band 5G applications. The antenna has a bandwidth of 26–30.5 GHz and a low 
isolation of − 41 dB. Although the antenna is small, its mathematical arrangement is intricate. 

A wideband antenna offering 26–31 GHz bandwidth is given in Ref. [29]. The antenna isolation is improved to − 21 dB by placing 
parasitic elements between MIMO elements. The value of isolation is acceptable but larger than other antennas given in the literature. 
A small antenna with measurements of 26 mm by 14.5 mm offers a bandwidth of 27–29 GHz. It is noticed that from − 19 dB to − 21 dB 
by placing a meta-surface, the mutual coupling is reduced. Although antennas have good values in bandwidth and isolation, they are 
lower than in other literature. On the other hand, the overall design is complex because of the meta-surface. Isolation-improved MIMO 
antennas based on meta-surface are given in Refs. [30,31]. The antenna has measurements of 20 mm by 40 mm with an isolation of 

Fig. 1. Representation of mm-wave device connection in IoT environment.  

W.A. Awan et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e19985

3

− 28 dB. 
This is clear from the above discussion: there is still a need to develop antennas with compact dimensions, straightforward ge-

ometry, strong gain, wide bandwidth, and minimal isolation. In recommended work, a two-port MIMO antenna for the 5G communica 
tion system was developed with the following uniqueness.  

● Compact size and simple as well as novel geometry.  
● The simple and novel shape of a parasitic patch.  
● Wide operational bandwidth and high gain.  
● Low mutual coupling.  
● Suitable for future IoT devices. 

Moreover, this paper explains the single antenna, simulated outcomes, and measurement results. The MIMO antenna whether 
having parasitic elements or not is also explained. The antenna results are compared with the literature to show the uniqueness of this 
work in the form of a table. In the end, the references as well as conclusion is given. 

2. Design and results of unit element 

2.1. Antenna design methodology 

Fig. 3(a–b) depicts the preferred antenna’s design. The antenna is intended to be mounted on the Roger 6002 substrate material, 
which has a loss tangent of 0.0012 and a relative permittivity of 2.94. The suggested design has a size of SX × SY × t = 12 mm × 6 mm 
× 1.52 mm and contains a simple microstrip feedline loaded with two rectangular and one elliptical stub. The center of the elliptical 
stub is etched by a circular slot having a radius of R2. The stub is loaded, and a slot is etched to strengthen the impedance and 
bandwidth of the antenna. The optimized parameter of the antenna is given below: 

Fig. 2. Application of IoT devices loaded with the antenna.  

Fig. 3. The shape of the suggested antenna (a) top view (b) side view.  
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SX = 12; SY = 6; t = 1.52; S1 = 1; S2 = 1; S3 = 4; S4 = 2; F1 = 0.5; F2 = 2; R1 = 4; R2 = 1.5. (All units are in mm)                                 

Following several design phases, the proposed antenna’s final geometry was achieved. The rectangular patch antenna featuring a 
microstrip feedline was developed for 27 GHz in the initial phase [32]. The antenna provides a 26.5–27.5 GHz impedance bandwidth. 
In the second stage, one more stub is introduced with a rectangular shape to improve the bandwidth as well as the |S11| The antenna 
after this stage offers a wideband of 26.2–27.8 GHz and return loss of < − 27 dB. In the second last step, the elliptical stub is loaded as in 
Ref. [33], which results in improved bandwidth as well as reduced return loss of the antenna. The antenna after this stage offers the 
least value of return loss around < − 40 dB. In the final phase of design, a circular-shaped slot is etched into the elliptical patch to make 
the antenna operational at a wideband of 24.5–30.5 GHz. The design stages along with their impact on S11 are given in Fig. 4. 

2.2. Results of single element 

The |S11| parameter and gain of the suggested configuration are displayed in Fig. 5(a–b). The curves indicate that the antenna 
delivers a significant bandwidth (24.2–30 GHz) with a return loss of about − 45 dB. With peak values of 9 dBi at 25.7 GHz and 28.5 
GHz, the antenna also gives a high gain of >7.5 dBi in the operational region. Moreover, hardware measurements are also performed to 
validate the simulated results. It can be seen that software-generated and tested outcomes are quite similar. These outcomes prove that 
the design is the best candidate for IoT devices in future communication systems. 

This suggested millimeter wave antenna’s radiation pattern at the chosen frequencies of 26.5 GHz and 28 GHz is shown in Fig. 6 
(a–b). It is clear that the antenna emits a wide side radiation pattern across both frequencies in the E-plane. The radiation pattern is 
slightly distorted in the H-plane due to multiple stub loadings and slot etching. The antenna radiation pattern is observed that it is not 
directional, which is due to the slot etched [34]. Moreover, the similarity between the simulated and measured patterns is also 
observed. 

3. MIMO antenna design and results 

3.1. Design of MIMO antenna 

The same element is positioned orthogonally to the existing element in a two-port MIMO arrangement. A C-shaped parasitic 
component is positioned there to further the isolation at a distance of S = 4.25 mm between the two elements. The exact same material 
is used to construct the MIMO antenna as it is to create a single element. MX × MY = 12 mm × 20 mm is the MIMO antenna’s entire 
dimension. Additionally, a model of the hardware is created to validate the output of the software. Fig. 7 represents the MIMO antenna 
structure and prototype. 

Initially, a simple two-port MIMO antenna was engineered, which has a minimum mutual coupling of − 17 dB and a maximum of 
− 15 dB. After placing a C-shaped parasitic patch, the isolation of the antenna is refined. The resultant antenna offers mutual coupling 
with a maximum value of − 22 dB and a minimum of − 28 dB. The contrast between transmission coefficients to study the isolation of 
antennas with and without decoupling structures is given in Fig. 8. 

Fig. 4. Proposed work design evolution along with its impact on the S-parameter graph.  
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3.2. Hardware and measurements 

The hardware model of the recommended two-port MIMO antenna for Internet of Things applications is shown in Fig. 9(a–b). To 
better understand the size of the antenna, it is kept together with a scale and a coin. The antenna is small and has a simplistic shape. The 
antenna is connected using an SMA connector. The VNA network analyzer is utilized for S-parameter analysis, and far-field mea-
surement antennas are positioned in front of the horn antenna in the anechoic chamber. 

The suggested work’s reflection and transmission coefficients are displayed in Fig. 10(a–b). The findings show that the antenna has 
a wideband between 24 and 30.4 GHz with a minimum return loss of − 43 dB. Exceptional transmission coefficient values are provided 
by the antenna, with a minimum value of − 28 dB and a maximum value of − 22 dB. These values are obtained after loading parasitic 

Fig. 5. Measured and simulated (a) S-parameter and (b) gain of proposed dual band antenna.  

Fig. 6. Measured and simulated radiation pattern of unit element at (a) 26.5 GHz (b) 28 GHz.  

Fig. 7. Proposed MIMO antenna along with decoupling parasitic patch.  
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structures between MIMO elements. Moreover, the tested results are also inserted with software-generated results for better com-
parison. It can be noticed that the simulated and tested results are very similar, with little distortion that may occur due to mea-
surement apparatus errors or human errors. 

The planned antenna’s radiation pattern for its specified frequencies of 26.5 GHz and 28.5 GHz is displayed in Fig. 11(a–b). The 
provided figure makes it clear that the most radiation that a MIMO antenna gives off happens on the broad side at both frequencies. The 
influence of antenna 2 on antenna 1 and vice versa causes the radiation pattern to be somewhat tilted, but generally, the antenna gives 
a table radiation pattern. For easier comprehension, the patterns are examined in the E and H planes. The measurement of distant fields 
is also carried out, and the outcomes sufficiently match those produced by the software. 

Fig. 8. Comparison of transmission co-efficient plot with and without parasitic element.  

Fig. 9. Hardware model of the recommended antenna (a) front view (b) back view.  

Fig. 10. Comparison of transmission S-parameters with and without parasitic element.  
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3.3. MIMO performance parameters 

Studying the MIMO antenna parameters is crucial and needed for future validation. In order to evaluate the effectiveness of the 
proposed antenna, a number of MIMO parameters in terms of ECC, CCL, DG, and MEG are researched and discussed. The antenna 
provides ECC within the permissible range, as can be seen in Fig. 12 (a) [35,36]. The operative band ECC of the antenna is 0.005. 
Additionally, ECC is researched to examine each component of MIMO antennas. Channel capacity loss (CCL), shown in Fig. 12 (b), is 
another metric. Ideally, the value of CCL should not be greater than 0.4 bits/s/Hz [37], where the suggested antenna offers CCL <0.3 
bits/s/Hz. 

Diversity gain (DG) is another important MIMO parameter that shows the power losses during transmission. Fig. 12 (c) shows that 
an antenna offers a diversity gain of around 9.99 dB and >9 dB at operational bandwidth. Ideally, the value of DG is 10 dB, while the 
suggested antenna offers a close value. The last MIMO parameter is mean effective gain (MEG), which is the study of the ratio between 
incident and received power. The acceptable value of MEG is between − 3 and − 10 dB, and the suggested antenna offers a value within 
the acceptable range as given in Fig. 12 (d). 

Fig. 11. Hardware tested and simulated radiation pattern of MIMO antenna at (a) 26.5 GHz and (b) 28.5 GHz.  

Fig. 12. (a) Envelop correlation coefficient (b) Channel capacity loss (c) diversity gain (d) mean effective gain of the suggested antenna.  
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3.4. Comparison with state-of-the-art 

The distinction between the recommended MIMO antenna design and previously published models is shown in Table 1. Size, 
isolation improvement, bandwidth, and the technique used for isolation improvement are used to distinguish between recommended 
work and previously published work. In comparison to the other literary works, it can be said that the proposed work offers a compact 
size. Even if the approach described in Refs. [23,25] provides superior isolation, it lacks narrowband and is larger in size. As a result, it 
can be seen from the comparison table that the suggested work has improved performance, making it a good choice for mm-wave IoT 
devices. 

4. Conclusion 

This study proposes a compact, low-profile antenna with simple construction, aiming to provide wideband coverage, high gain, and 
a stable radiation pattern. The intention is to develop an antenna suitable for upcoming 5G and 6G devices. To enhance the antenna’s 
performance, a two-port multiple-input multiple-output (MIMO) configuration is utilized to improve the data rate capabilities. 
However, it is found that the initial two-port MIMO antenna design does not exhibit satisfactory isolation between its elements. In 
order to address this issue, a C-shaped parasitic patch is introduced to refine the isolation characteristics of the antenna. As a result, the 
isolation is refined and enhanced from − 18 dB to − 28 dB, enhancing the performance of the MIMO antenna. The suggested MIMO 
antenna, integrated with the decoupling structure, provides wideband frequency coverage ranging from 24 GHz to 30.25 GHz, along 
with a high gain of 9.5 dBi. Additionally, various MIMO parameters are analyzed to assess the antenna’s performance. The examination 
reveals that the antenna demonstrates an Error Correcting Code (ECC) value of approximately 0.005, a Cross-Correlation Level (CCL) 
below 0.3 bit/s/Hz, a Diversity Gain (DG) of around 9.99 dB, and a Mean Effective Gain (MEG) below − 5.5 dB. To validate the 
proposed design, a hardware prototype of the antenna is constructed and tested, confirming the accuracy of the results obtained from 
software simulations. Furthermore, a comparison is made between the suggested antenna’s performance and the findings reported in 
existing literature, highlighting the strengths of the recommended design. Based on the results and the comparison with previous work, 
it can be figured out that the suggested methodology is highly competitive and one of the most suitable choices for future Internet of 
Things (IoT) devices operating with wideband coverage and high gain requirements. 
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Table 1 
Presented design comparison with design published in the literature.  

Ref Size (mm ×
mm) 

Isolation of simple 
design (dB) 

Isolation refined 
(dB) 

Gain 
(dB) 

Operational Bandwidth 
(GHz) 

Number of 
Antennas 

The technique used to 
refine isolation 

[24] 20 × 20 − 16 − 24 – 27.5–28.35 2 Metal strip 
[25] 85 × 21 − 22 − 38 16.3 27–32 2 Meta surface 
[26] 30 × 35 − 15 − 40 12 27.5–28.5 4 Parasitic Patch 
[27] 30 × 43 − 32 − 45 10.2 24.55–26.5 4 Meta surface 
[28] 25 × 15 − 14 − 41 6.3 26–30.5 2 DRA 
[29] 48 × 31 – − 21 10 26–31 4 Parasitic Patch 
[30] 26 × 14.5 − 19 − 22 4.5 27–29 2 Meta surface 
[31] 20 × 40 − 18 − 28 9 27.5–28.5 4 Meta surface 
Prop. 12 × 20 − 18 − 29 9.25 24–30.25 2 Parasitic Patch  
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